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I. INTRODUCTION
The NLC accelerator proposal at SLAC has selected the solid-state induction modulator approach for its X band klystrons because of its high efficiency, high reliability, and low cost [l] . The topology selected for the modulator consists of 80 off single tum magnetic cores, each driven by its own sotid-state switch. The secondary of the modulator has three turns: the total Ieakage inductance referred to the secondary is low (~2 0 pH) [l] . To drive the cure without using a matched PF" requires a switch that can turn on and off fast at high power levels [ 13.
The solid-state induction modulator uses high voltage (3.3 kV) high current (4 kA pulses for 10 ps, at 15 V gateemitter voltage (Vge)) lGBT modules from manufacturer "A" [,] . These IGBTs were developed for traction applications and, although not specifically designed for ultra-high speed pulsed power use, were used successfully in a prototype induction modulator. 
TESTING OF IGBTs
Testing of these IGBTs under normal pulsed conditions was very successful, however the IGBTs failed under short circuit testing. Unpredicted current and gate waveforms, and eventual IGBT failures, occurred when tests were performed into extremely low inductance (< 50 nH) short circuits. Measurements have shown that peak IGBT currents can exceed 15 kA during an arc, with rise times greater than 10 k A / p [2] .
Two types of short circuit test have been carried out at SLAC: 'soft' and 'hard' short circuit. A 'hard' short circuit is defined to occur when there is a short circuit present when the IGBT is switched on, whereas a 'soft' short circuit is one that occurs after the IGBT has been turned on. Under ideal conditions, an IGBT facing a soft short-circuit would experience a rise in collector current (IC) until the IGBT comes out of saturation, at which point the collector voltage would rise and the current would be safely limited by the transconductance of the switch. Ideally, with a gate drive of +15 V applied, the IGBT would come out of saturation around 4 kA and seIf limit its fault current to somewhere around that level.
SLAC performed soft short circuit tests by using the IGBT to discharge a capacitor through a saturable inductor. Initially, the current would rise slowly at a rate limited by the inductance of the circuit. As soon as the core saturated it no longer impeded the current flow and a soft short was represented. Measurements from the soft circuit test, at 2.2 kV, are shown in Figure 1 . A number of failed IGBTs were carefully dissected and analyzed, in order to determine the mechanisms of failure [Z].
In. OVERVIEW OF IGBT FAILURE
The design of the IGBT from manufacturer "A" employs a total of 16 IGBT die and 8 anti-parallel diodes. Intemaliy the IGBT has four identical rafts. Each raft has four IGBT dies and 2 anti-parallel .diodes as shown in Figure 2 . Emitter and collector busbars (shown in Figure   5 SLAC opened up 13 failed TGBT modules to determine the position of failure (see Table 1 ). The observed failures all occurred on one of the IGBT B dies closest to the emitter busbar. Inspection of damaged modules suggested that asymmetry io the internal layout of the IGBT dies was causing a current imbalance which led to IGBT die B taking considerably more stress than JGBT die A. 
B, TRIUMF
At TRIUMF, current sharing between the IGBT die was investigated using circuit analysis code PSpice and calculated, rather than estimated, values for circuit inductances. The model includes calculated self and mutual inductances of the electrical paths, as well as realistic electrical characteristics of the IGBT dies. Figure 5 ). In Figure 5 , the placement of all extemai nodes is indicated by the dots, and the effective circuit linking these nodes is traced out with lines. Each emitter wire touches the collector plane in a different location. However, the circuit model lumps all these wires as one inductance attached to the IGBT die at one node. Current imbalances on the order of 75%-100% can exist even between the wire bonds on the same IGBT die [2] . However, for this first order inductance model, these inter-wire variations are ignored and all emitter wires are treated as emanating from a common node. Other modeling considerations were: Diodes ( Figure 2) were not modeled since, during tum-on conditions being examined, they are not conducting;
I) Inducimce Model

2) PSpice Model of IGBT
Only the conducting wires emerging from each IGBT die were modeled. A second set of conductors, which daisy chain the two halves of a die, were not simulated.
The PSpice circuit shown in Figure 6 closely follows the Iayout shown in 
3) Simulation Results -Normal Operation
For normal operation of the 'IGBT module the maximum current is aImost 3kA per IGBT module (average of 185 A per each of. 16 IGBT die). IGBT die 'B' conducts only slightly more current than die 'A'. (Table 1) . Theories were formulated, and tested, for the increase in Vge on die 'B', and the reduction in Vge on die 'A', during soft short circuit conditions:
4) Simulation Results -Hard Short
Mutual coupling between inductances in the main current paths & gate traces ( LGateA & LGateB in Figure   Voltage drop associated with the control emitter inductance (LControlEmitter in Figure 6) (Figure 8) . To determine the effect of the mutual couplings to the gate traces these couplings were set to zero. Without mutuaI coupling to the gates, the Vge of both dies 'A' and 'B' falls by about 3 V upon application of the soft short circuit, and the predicted currents though dies 'A' and 'B' are limited to less than 400 A. Hence inductive coupling from the power traces to the gate traces causes current imbalance between the IGBT die.
E. Effeci of Contrvi-Eminer hducrunce
To determine the effect of control-emitter inductance this inductance was removed from the circuit. Removal of this inductance results in a rise of about 3 V in the Vge of die 'B' when the soft short circuit occurs. SimiIarly Vge of die 'A' no longer drops during the period of rising fault current. As a result the maximum fault current through both die 'A' and 'B' increases when the control-emitter inductance is removed from circuit.
In the IGBT the control-emitter trace runs parallel to the segment of gate trace that controls die 'B' (Figure 4 ).
Since these traces are physically close, and have a similar geometry, the voltages induced in both of these traces are similar in magnitude but act to cancel each other out,
C. Eflect of Miller Capacitance
To determine the effect of the Miller capacitance upon 
VII. CONCLUSIONS
The research has identified inductive coupling from the power traces to the gate traces as the primary cause of current imbalance between the die in the IGBT from manufacturer "A". The coupling to the gate circuits can boost the Vge of die above the externally applied gate voltage, and therefore potentially increase the fault current. Hence IGBT designs intended for high di/dt applications need to pay particular attention to the internal layout relative to the main power paths.
